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Quantitative echosounders operating at multiple frequencies (e.g., 18, 38, 70, 120, 200, 333, and 710 kHz) are often used to observe
fish and zooplankton and identify their species. At frequencies above 100 kHz, the absorption attenuation increases rapidly and
decreases the signal-to-noise ratio (SNR). Also, incomplete compensation for the attenuation may result in measurement error.
This paper addresses the effects of the attenuation and noise on high frequency measurements of acoustic backscatter from fish. It
is shown that measurements of a fish with target strength of −40 dB at 200m depth are limited by SNR to frequencies up to about
100 kHz. Above 100 kHz, absorption coefficients must be matched to local environmental conditions.

1. Introduction

Quantitative echosounders (QES) or scientific echosounders
have evolved for routine use in acoustic surveys of fisheries
resources [1]. Traditionally, QES operate at 38 kHz with low
attenuation, a high signal-to-noise ratio (SNR), and small
measurement errors [2]. Recently, however, QES are often
operated at multiple frequencies including higher frequen-
cies, for example, 18, 38, 70, 120, 200, 333, and 400 kHz [3]; 70,
120, 200, 333, and 710 kHz [4]; and 125, 200, 455, and 770 kHz
[5], to classify and study fish and zooplankton.Measurements
at the higher frequencies, particularly those above 100 kHz,
are affected by increasingly high and uncertain absorption
attenuation and therefore increasingly low SNR andmeasure-
ment accuracy. This paper highlights some considerations
when measuring with high frequencies, estimates associated
errors, and proposes mitigation measures to obtain precise
and accurate data.

The frequency dependence of backscatter provides useful
information for fish species identification [6, 7]. To evaluate
the accuracy that can be achieved by multifrequency QES,
the SNR is quantified, considering the limitation of transmit
power due to nonlinear phenomenon, and acoustic noise
from various sources.Then, effectivemeasurement ranges are
identified for various frequencies using a modified diagram

of QES performance [2]. Also, error from absorption attenu-
ation at high frequencies is quantified and discussed.

2. Materials and Methods

2.1. Noise. There are several sources of acoustic noise received
by a QES (Figure 1), such as rain, wind-induced wave, snap-
ping shrimp, self-vessel, and heat (thermal noise). Similar to
[2], the noise power spectral level of the vessel self-noise is
modeled here as

𝑁

𝑉
=

𝑁

𝑉0

𝑓

2
, (1)

where 𝑁

𝑉0
is the noise power spectral level for frequency 𝑓

projected to 1Hz. In the case of the upper vessel self-noise
[8] in Figure 1, 𝑁𝑉

0
= 10 log𝑁

𝑉0
= 155 dB re 1 𝜇Pa2Hz.

(Throughout this paper, the MKS system of units is kept
in equations, but actual values are expressed sometimes in
convenient units as in this case.)The lower vessel self-noise in
Figure 1 was obtained by fitting (1) to the noise spectral level
data for a noise-reduced vessel [9], and the value of 𝑁𝑉

0
is

142 dB. The thermal noise spectrum was deduced from the
formula in [10] and expressed as
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,

(2)
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Figure 1: Noise power spectrum level (dB re 1 𝜇Pa2/Hz) relevant to
acoustic surveys of fish resources. Heavy rain (100mm/h) noise [11],
snapping shrimp noise [12], vessel self-noise of RV “Hokko-maru”
(220-tonne steel ship at a speed of 11 knots) [8], vessel self-noise
of RV “Soyo-maru” (892-tonne noise-reduced ship at a speed of 10
knots) [9], wind-induced noise at rough sea (sea state 6) [13], and
sea thermal noise (water temperature 10∘C) [10] are shown.

where 10 log𝑁

𝑇0
= −75 dB re 1 𝜇Pa2Hz−3. Although noise

from rain or shrimp may occasionally dominate the noise
level for short periods or small regions, noise below 100 kHz is
generally dominated by the vessel self-noise. Electrical noise
in the QES transducer and receiver may be significant at
higher frequencies and will be considered later.

2.2. Signal-to-Noise Ratio. The echo level of a single scatterer
is, in general, smaller than the echo level of a multiple
scatterer, and therefore the SNR for single scatterer must
be considered primarily in the design and utilization of
QES. Furthermore, the SNR for the average value of volume
backscattering coefficients (𝑠

𝑉
) as the output of echo integra-

tion decreases especially for single scatterers for the following
reason.The 𝑠

𝑉
are obtained for each of themultiple scatterers,

single scatterers, and even noise in each minimal processing
cell called a pixelwhich is the region enclosed by a ping period
and a sampling period along the depth axis [14]. The output
of echo integration is the integration of the pixel 𝑠

𝑉
over an

area of a lager integration cell. Let the pixel 𝑠
𝑉
of the echoes

be 𝑠

𝑉,𝐸
, let the pixel 𝑠

𝑉
of the noise be 𝑠

𝑉,𝑁
, let the area which

the echoes occupy in the cell be𝐴

𝐸
, and let the area of the cell

be 𝐴

𝐶
; then we have the cell or average 𝑠

𝑉
:

𝑠

𝑉,𝐶
=

∑ 𝑠

𝑉,𝐸
𝐴

𝐸
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𝐶
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𝐶

. (3)

Assuming, for simplicity, that the backscatter within 𝐴

𝐶
is

homogeneous, the SNR for 𝑠
𝑉,𝐶

is
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, (4)

where 𝑅 is the SNR for the echo power. Therefore, the SNR
of the cell 𝑠

𝑉
(i.e., 𝑅

𝐶
) is proportional to the area occupied

by the scatterers divided by the cell area. Because 𝑠

𝑉,𝐸
and𝐴

𝐸

are generally smaller for single versus multiple scatterers, the
worst case 𝑅

𝐶
is probably that for single scatterers. From the

above reasoning, the signal for the basis of the SNR should be
single scatterer echoes.

In terms of pressure, the SNR for a single scatterer is

𝑅

𝐹
=

𝑃

𝐹

2

𝑃

𝑁

2
, (5)

where 𝑃

𝐹
is the echo pressure from a scatterer and 𝑃

𝑁
is

the noise pressure. This 𝑅

𝐹
is expressed by several variables

as described in [2], but the noise expression is slightly
changed as (1) and a transmit power per unit transducer
area is changed from a value obtained by the cavitation
threshold to a value determined to avoid the nonlinear effect
of transmission [15, 16]. From the examples of the frequency,
transmit electric power, and beam width of QES shown in
[3], we adopt 2.5W/cm2 as the electric power density for all
frequencies examined.

The transmitted pressure (𝑃
0
) squared is
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𝐼
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0
2

,
(6)

where 𝑤 is the electric power density determined above, 𝜂 is
the electroacoustic efficiency, 𝑎 is the transducer radius, 𝑟

0

is the standard range (1m), 𝜌 is the density of seawater, 𝑐 is
the sound speed in seawater, and 𝐷

𝐼
is the directivity index

shown approximately by [11]

𝐷

𝐼
= (

2𝜋𝑓

𝑐

𝑎)

2

.

(7)

The single echo pressure (𝑃
𝐹
) squared is

𝑃

𝐹

2
= 𝑃

0

2
𝐷

4 𝑟

0

2

𝑟

4
10

0.2𝛼(𝑓)𝑟
𝜎bs, (8)

where 𝐷 is the directivity coefficient, 𝑟 is the range between
the transducer and fish, 𝛼(𝑓) (dBm−1) is the frequency
dependent absorption coefficient, and 𝜎bs is the backscatter-
ing cross sectional area of the scatterer. The target strength is
expressed as TS = 10 log(𝜎bs/𝑟0

2
). Using (1) and considering

𝐷

𝐼
and the bandwidth of the receiving system (Δ𝑓), the noise

pressure (𝑃
𝑁
) squared is

𝑃

𝑁

2
=

𝑁

𝑉0
Δ𝑓

𝑓

2
𝐷

𝐼

. (9)

Substituting (6)–(9) into (5), we have the expression of the
SNR:

𝑅

𝐹
=

4𝜋

4
𝜌

𝑐

3
⋅

𝜂𝑤𝐷

4
𝜎bs

𝑁

𝑉0
Δ𝑓

⋅

𝑎

6
𝑓

6

𝑟

4
10

0.2𝛼(𝑓)𝑟
.

(10)

The first factor of (10) is nearly constant, the second factor
may be assumed to be a constant and the effect of a value
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change can be easily seen by a shift of the SNR scale (from this
reason,we call the parameters in the second factor “adjustable
parameters”), and the last factor greatly changes the SNR. A
transducer radius is approximately related to the −3 dB beam
width Θ in radian by

𝑎 ≅

0.51𝑐

Θ𝑓

. (11)

Substituting this into (10) gives another expression of the
SNR:

𝑅

𝐹
= 4 × 0.51

6
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0.2𝛼(𝑓)𝑟
.

(12)

In this expression, the factor 𝑓

6 in (10) disappears and only
the absorption attenuation remains as a frequency dependent
factor.

Since the SNR changes dramatically with 𝑎 orΘ,𝑓, and 𝑟,
it should be an effective way to show the SNR as a function of
𝑓 with parameters 𝑟, 𝑎, and Θ as in [2]; we call the resultant
graph the universal diagram of echosounder performance.
The following values are used for the nearly constant and
adjustable parameters:

𝑐 = 1500m/s,

𝜌 = 1025 kg/m3,

𝜂 = 0.6 [3] ,

𝑤 = 2.5W/cm2 [3] ,

𝐷 = 1,

TS = −40 dB,

𝑁𝑉

0
= 155 dB re 1 𝜇Pa2Hz,

Δ𝑓 = 2.5 kHz.

(13)

If our objects are only multiple or school echoes as in
species identification using school echoes, we may consider
the SNR for the multiple echo. The multiple echo from a fish
school is expressed as

𝑃

𝑀

2
= 𝑃
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2
⋅
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2
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4
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2
⋅ 𝑛𝜎bs, (14)

where 𝑃

𝑀
is the pressure of multiple echo, 𝜏 is the pulse

duration, Ψ is the equivalent beam angle in steradians, and
𝑛 is the distribution density of fish or any animals in m−3.The
second factor is the propagation attenuation, the third factor
is the scattering volume and the 𝑟2 factor included cancels the
one-way spreading attenuation in the second factor, and the
fourth factor is the volume backscattering coefficient 𝑠

𝑉
. The

Ψ can be approximated by [11] (coefficient is rounded):

Ψ ≅

6𝑐

2

4𝜋

2
𝑓

2
𝑎

2
.

(15)
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Figure 2: Absorption coefficient by Francois and Garrison’s equa-
tions [17, 18] as a function of frequency with parameter of water
temperature for constant values of the salinity 35 psu, depth 100m,
sound speed 1500m/s, and pH 8. Note the inversion of temperature
dependence around 70 and 500 kHz.

Similarly as in the single echo case, the SNR for the multiple
echo is derived as
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=
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(16)

where the first factor may be considered as a constant,
the second adjustable parameters, and the third important
parameters or variables. The adjustable parameter values
other than 𝐷 are assumed to be the same as in (13) and the
two parameter values added are

𝜏 = 1ms

𝑛 = 0.1m−3 (𝑆

𝑉
= 10 log 𝑠

𝑉
= −50 dB with TS

= −40 dB) .

(17)

2.3. Absorption Attenuation. The absorption coefficient 𝛼 is
a function of water temperature, salinity, depth, and pH [17,
18]. The temperature changes the absorption coefficient most
among these parameters, and the temperature itself changes
largely in time and space. For the present purpose, therefore,
it is sufficient to consider the effect of the frequency and
temperature (Figure 2).

Seasonal changes of the average temperature profiles
(Figure 3) at a North Japan Pacific area (42∘N, “North” or
“N”) and a South Japan Pacific area (30∘N, “South” or “S”)
were cited from [19] with a slight modification. The profiles
labeled “North󸀠” will be explained later. From the figure we
observe that there are large seasonal variations and the slopes
are steep at depths shallower than 100m and that there are
large differences between the sea areas.
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Figure 3: Sea temperature profiles for “North” (42∘N), “North󸀠”
(41∘N), and “South” (30∘N) in the PacificOcean near Japan. Original
profiles in [19] were slightly modified. North󸀠 profiles are simulated
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The absorption attenuation is calculated by

𝐴 (𝑟) = 2∫

𝑟

0

𝛼 (𝑟

󸀠
) 𝑑𝑟

󸀠
. (18)

It is a common practice in using aQES that we give a constant
𝛼 for each frequency and try to remove this range dependence
of the attenuation. Actually, however, 𝛼 is not a constant but
changes especially for the water temperature as shown in
Figure 2 and expressed, in our analysis, as

𝛼 (𝑟; 𝑓,Area, Season)

Area = {S,N󸀠,N} , Season = {Win, Spr, Sum,Aut} ,
(19)

where Area and Season are expressed by self-evident approx-
imate labels.

The difference in latitudes of South and North in Figure 3
is 12∘ and is too large for our common practice. So that, we
simulate a more real situation by interpolation and make
profiles at 41∘N (call “North󸀠” or “N󸀠”), that is, 1∘ or 60
nautical miles further south than North. Simulating our
actual practice of 𝛼 setting, we use, as a medium constant
value, the 𝛼 value at 50m in spring. Using N󸀠 profiles, the
attenuation variations at N󸀠 from the fixed characteristics at
N at six frequencies

Δ𝐴(𝑟; 𝑓,N󸀠, Season) = 2∫

𝑟

0

𝛼 (𝑟

󸀠
; 𝑓,N󸀠, Season) 𝑑𝑟

󸀠

− 2𝑟𝛼 (50m; 𝑓,N, Spr)
(20)

are calculated.
Moreover, let us consider the error caused by using a

fixed value of 𝛼, assuming that a more suitable temperature
profilewas given.Thedifference of the absorption attenuation

estimates for North and Spring, using the temperature profile
and the fixed average absorption coefficient, is

Δ𝐴 (𝑟; 𝑟

𝑚
, 𝑓,N, Spr) = 2∫

𝑟
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󸀠
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⋅
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∫

𝑟
𝑚

0

𝛼 (𝑟

󸀠
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󸀠
,

(21)

where the averaging is performed from 0 to 𝑟

𝑚
. Although

averaging might be performed with weights considering
target distribution [20], the simple method is adopted here.

3. Results and Discussion

3.1. Universal Diagrams of Echosounder Performance.
Figure 4 shows the universal diagram for the single echo case
obtained by (10) and (12); the regions where SNR > 20 dB,
Θ > 7∘, and 𝑎 < 16 cm are shaded as roughly appropriate
regions. The SNR border of 20 dB is selected such that the
noise effect can be ignored. According to (10) and (12), the
SNR curves change +18 dB/octave for 𝑎 and −18 dB/octave
for Θ, and at low frequencies approximately −12 dB/octave
for 𝑟 due to the spreading attenuation. The frequency ranges
of the roughly appropriate regions are 17–400 kHz for
𝑟 = 100m, but it shrinks to 20–80 kHz for 𝑟 = 200m. It will
be convenient to show rough maximum ranges as a function
of frequency as Figure 5 (the line labeled “𝛼 error” will be
explained later).

Figure 6 shows the frequency-SNR curves obtained by
(16) for the multiple echo case in a fashion similar to that
of Figure 4. The roughly appropriate region is shaded as in
Figure 4, but the lower bound ofΘ is set at 28∘ in order to keep
the bearing resolution angle not too large. Differing from the
single echo case, the SNR dependence on 𝑎 is 12 dB/octave,
the dependence on Θ is −12 dB/octave, the dependence on 𝑟

is relaxed, and the roughly appropriate region exists even for
400m at near 40 kHz, although the decreasing characteristics
of SNR at high frequencies become somewhat severe.

Furusawa [2] used the cavitation threshold, which
increases at high frequencies, for the power density𝑤 instead
of the present constant 𝑤. By the present modification, along
with the slight modification for noise expression, (1), the SNR
expression has become more appropriate for quantitative
purposes and the frequency dependence has become simple
and can be clearly understood.With the presentmodification
the SNR becomes low and its deterioration becomes severe at
high frequencies, but there is no large difference between the
twomethods at low frequencies. By the present improvement,
the interpretation of the expressions and graphs becomes
easy. The constant-𝑎 SNR curves of (10) increase at low
frequencies as a function of 𝑓

6 and decrease sharply at
high frequencies with the increase of absorption attenuation;
therefore, peaks of the maximum SNR appear and they shift
to a lower frequency with the increase of 𝑟. The frequency
characteristics of the constant-Θ curves of (12) are of the
absorption attenuation itself, and they are roughly constant
at low frequencies where the attenuation is small, but they
deteriorate at high frequencies and at large ranges.
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The values of adjustable parameters in (13) and (17)
are approximate, and they are changeable to fit user’s own
sounder parameters. In such adjustment, it is sufficient only
to shift the SNR scale. For example, if a vessel is more silent
and 𝑁𝑉

0
is 142 dB, electric power density 𝑤 is 3W/cm2, and

efficiency 𝜂 is 0.75, then from the computation

10 log(

3

2.5

) + 10 log(

0.75

0.6

) + (155 − 142)

= 14.8 dB
(22)

the SNR increases by about 15 dB, and the SNR scales in
Figures 4 and 6 may be read adding by 15 dB.

Figures 4 and 6 can be applied not only to QES but also
to fisheries echosounders (FES). An FES operating atmultiple
frequencies usually uses a broader beam for a lower frequency
and the low frequency is used to search a broader area and
a high frequency is used to observe fish in high resolution.
For example, let us compare the performance of an FES with
a combination of 120 kHz and 7∘ beam and 38 kHz and 28∘
beam; as seen from Figure 4, the SNR for 120 kHz is larger up

to 400m than 38 kHz. The beam widths of QES are usually
selected to be the same at multiple frequencies, mainly for
the purpose to observe frequency difference of scattering [3];
therefore, the SNR at a lower frequency is always higher.
Common sense for FES, therefore, is not always true for QES
and caution must be exercised.

The discussion in Section 2.1 suggests that we should
consider mainly the self-vessel sailing noise in fish scattering
measurements from a cruising vessel. In fact, Nishimura [8]
observed the fact that received noise increased by about 20 dB
when a ship started tomove. Also, Korneliussen [21] observed
propeller noise up to 30 dB higher than noise while drifting,
especially in shallow waters and above dense and large fish
schools. These facts are the simple result that we measure
signals on the order of milliwatts near an engine with power
on the order of megawatts [22]. If vessel noise is reduced
by several countermeasures [23], a noise spectrum level can
be considerably reduced as shown by the lower vessel noise
line in Figure 1 [9], but the vessel self-noise is still generally
larger than the wind-induced noise. Of course, in cases of
a drifting ship, stopping a ship engine, using a suspended
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echosounder from a ship, measurement from a buoy, or using
a stationary system, wind-induced noise will dominate; even
in such cases, a modification of 𝑁𝑉

0
will suffice to estimate

the SNR using (10), (12), and (16).

3.2. SNR at Especially High Frequencies. At especially high
frequencies, however, since the vessel self-noise and wind-
induced noise decrease, we may have a situation where

the thermal noise and the receiver noise of QES itself are
dominant. According to [24], the total noise power spectrum
level including the thermal noise of seawater and hydrophone
and the receiver noise is shown as

𝑁 = 𝑁

𝐴
+

𝑁

𝑇

𝜂

+ 𝑁

𝐻 (𝐹 − 1) , (23)

where the first term represents ambient noise other than the
sea thermal noise, the second term the thermal noise of the
sea and hydrophone, and the third term the receiver noise,
where 𝑁

𝐻
is the value determined by hydrophone specifica-

tions, and 𝐹 is the noise figure of a preamplifier.The last term
can be expressed as𝑁

𝐻0
𝑓

2 taking out frequency dependence,
and assuming 10 log𝐹 = 5 dB and typical hydrophone
parameters, we have 10 log𝑁

𝐻0
= −70 dB re 1 𝜇Pa2Hz−3;

this value is 5 dB larger than the case for the sea thermal noise
(2). The SNR for a single echo is derived in a fashion similar
to (12), but using the above noise characteristics and 𝑁

𝑉
(1)

in place of 𝑁
𝐴
:

𝑅

𝐹
= 4 × 0.51
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(24)

Figure 7 compares SNR calculated for the two vessel noises by
this equation with the SNR for which only vessel self-noise
is used as in Figure 4. As frequency increases the difference
of the SNR for the two vessels becomes small mainly due
to the contribution from the receiver noise, and the effect of
this noise becomes prominent from ∼200 kHz for the noise-
reduced vessel with 𝑁𝑉

0
= 142 dB and ∼400 kHz for the

vessel with 𝑁𝑉

0
= 155 dB. To make the receiver noise small,

we need a highly efficient transducer, an amplifierwith a small
noise figure, and appropriate matching between the amplifier
and transducer.

3.3. Countermeasures for Noise. Noise removal methods have
been reported in [21, 25, 26]. Reasonable correction should
be possible when SNR is high as >10 dB, but correction
might be difficult in a low SNR condition, when correction
is especially needed. Therefore, it is important to build a
measurement system, including a survey vessel, with high
SNR (e.g., to select low frequencies), to conduct survey in
good SNR conditions (e.g. lowering ship speed), and to select
object fish (school) echoes in postprocessing (to make the
ratio ∑𝐴

𝐸
/𝐴

𝐶
in (4) large).

As described in Simrad EK60 Reference Manual [27], an
effective way of monitoring SNR and knowing the maximum
measurable range is to show an echogram of “40 log 𝑟” TVG
output, whose minimum display level is the minimum TS
value to be measured minus an expected SNR value, and
to recognize the range where noise starts to appear as the
maximum range. For example, if the minimum TS is −60 dB
and the expected SNR is 20 dB, the minimum display level of
TS should be −60 − 20 = −80 dB.
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Higher frequencies up to about 800 kHz are mainly
used for fish species classification or discrimination between
small animals and fish, and ordinarily resultant volume
backscattering strengths are not directly used for abundance
estimation; therefore, small errors may be admissible. The
uppermost frequencies with which this paper deals are less
than 1MHz and the main object is fish which are the targets
of fisheries, and therefore the frequency characteristics of TS
are roughly assumed to be flat. If our main objects were small
animals such as zooplankton, the frequency characteristics of
TS should also largely affect the SNR. Liu et al. [28] used a
high-pass prolate-spheroid liquid model for TS and obtained
universal diagrams as shown in Figure 4 but with another
parameter of body size.The results demonstrate that the SNR
becomesmaximum around 1MHz for range 50m and animal
size 1–3mm.

3.4. Compensation Errors of Absorption Attenuation. First, let
us see the synoptic characteristics of absorption attenuation.
Figure 8 shows the absorption attenuation (18) at 38 and

200 kHz using the temperature profiles shown in Figure 3.
We see that the attenuation is approximately one order of
magnitude larger at 200 kHz than at 38 kHz, that season
difference is hardly discernible at 38 kHz and also between
Summer and Autumn at 200 kHz, that large difference exists
between North and South at 200 kHz, and that the attenua-
tion is larger at North than South at 38 kHz but the inverse
is true at 200 kHz; the last fact can be explained by Figure 2
which shows inversion of the temperature dependence at near
70 kHz. This figure simply suggests that the correction of the
absorption must be made carefully to match environmental
conditions especially for high frequencies.

Figure 9 shows the errorΔ𝐴 (20) caused by using the fixed
value of 𝛼. Variations which are not negligible appear from
120 kHz, and at 400 kHz the variations become somewhat
smaller, but at 800 kHz they become very large. The peculiar
phenomenon at 400 kHz can be explained by the character-
istics shown in Figure 2. The curves for spring correspond
to the case that there were only areal difference but no
time difference in the temperature profiles; as expected,
the variations are rather small. As a whole, the error may



International Journal of Oceanography 9

0 100 200
Range (m)

0 100 200
Range (m)

0 100 200
Range (m)

0 100 200
Range (m)

50

100

150

200

70kHz

400 kHz200 kHz

120 kHz

−2

−1

0

1
Δ
A

−2

−1

0

1

Δ
A

−2

−1

0

1

Δ
A

−2

−1

0

1

Δ
A

rm (m)

Figure 10: Deviations of two-way absorption attenuations (Δ𝐴) by using fixed values of absorption coefficient averaged over range 𝑟

𝑚
. The

profile used is of Spring at North shown in Figure 3.

be a few decibels at frequencies higher than 120 kHz, if
the temperature profiles are not measured frequently and
accurate absorption coefficients are not given.

Figure 10 indicates the errors for more appropriate cor-
rection (21). The result for 38 kHz is very small and the
result for 800 kHz is too large and they are not shown.
Again 400 kHz shows surprisingly small error. The similar
calculation forNorth andAutumn gave similar results and for
Winter negligible error, but for Summer the error becomes
considerably larger (not shown). South profiles gave similar
characteristics. From these results, if we set an averaging
range, 𝑟

𝑚
, properly for target fish, the error by using a

fixed coefficient can be made small. However, caution must
be paid to the fact that the above calculation assumed the
exact temperature profiles which are not the case in actual
practice. It seems better to set the averaging range, 𝑟

𝑚
, at

approximately half of the target range, 𝑟. In place of using
an average coefficient, a simpler alternative way is using a
fixed coefficient at a medium depth as was adopted in the
derivation of Figure 9.

The area, season, and method of correction adopted
as above are only examples to show the degree of error;

therefore, actual errors may be larger or smaller according to
eachmethod or customof the user of aQES. To evaluate error,
it is necessary that each user of QES compute variation in a
similar fashion to match his/her QES, sea area, and survey
method.

Since the expression of the absorption coefficient by
Francois and Garrison [17, 18] so far used in this paper was
derived through theory and many and diverse experimental
data in various seas, its reliability seems to be high and
their expression is appropriate for our fisheries acoustics
application. But the degree of error claimed in their paper
is around 5%, and then there is the possibility to introduce
error which is not negligible in attenuation compensation
especially at high frequencies where 𝛼 value is large. Ona
et al. [29] pointed out that the difference of 𝛼 values by the
expression of Francois andGarrison and Fisher and Simmons
[30] amounts to 4 dB/km at 333 kHz, and this value is also
about 5%. The dashed line labeled “𝛼 error” in Figure 5 is
the range, 𝑟, obtained from 2 × 0.05 × 𝛼(𝑓)𝑟 = 1 where
𝛼 is calculated by Francois and Garrison’s expression, that
is, the range where 5% error of 𝛼 gives 1 dB error. The
range is 120m at 300 kHz and this range is nearly equal to
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the roughmaximum range for 20 dB SNR. At higher frequen-
cies, the𝛼 error becomes a stronger constraint than SNR.This
problem is not easy to overcome, but a possible method is
to check the absorption attenuation compensation by the TS
measurement, by the split beam method, of standard targets
suspended at different depths.

At the frequency regions around 70 kHz and 400 kHz,
where the temperature characteristics of 𝛼 is reversed
(Figure 2), the variation of 𝛼 is comparatively small. The
frequency of 70 kHz is a good choice for QES next to 38 kHz
because of the above reason and also because a high SNR is
possible (Figure 4). At 38 kHz, use of a fixed 𝛼 value causes
a very small error. These frequencies, therefore, provide a
robust QES.

4. Conclusions

In order to obtain species identification information from
the relative frequency response, the measurement error must
be very small, for example, smaller than 0.5 dB. The errors
considered in this paper are added to the calibration error of
∼4% or 0.2 dB [3, 31], and therefore they must be minimal.

Since error becomes large when SNR is small, it is
necessary to know the limits ofmeasurement conditions from
the universal diagram as shown in Figure 4.

Serious error source at high frequencies is an inappro-
priate setting of the absorption coefficient. Frequent mea-
surements of temperature profiles and adaptive setting of 𝛼

are necessary. The best way is that we set an opportune
temperature profile into an echosounder and it calculates an
absorption coefficient profile to compensate for the absorp-
tion attenuation automatically.

Both the decrease of SNR and the error caused by absorp-
tion attenuation limit the maximum measureable range, and
to increase the range is fundamentally difficult; therefore, a
countermeasure is to reduce the range to the target fish using,
for example, a suspension probe from a vessel [32, 33].

Since it is considerably difficult to accurately measure
scattering of fish deeper than 200m by a frequency above
100 kHz with an error smaller than 1 dB, we must be very
careful in high frequency measurements of fish scattering.
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